ABSTRACT: As more genes conferring risks to neurodevelopmental disorders are identified, translating these genetic risk factors into biological mechanisms that impact the trajectory of the developing brain is a critical next step. Here, we report that disrupted signaling mediated MET receptor tyrosine kinase (RTK), an established risk factor for autism spectrum disorders, in the developing hippocampus glutamatergic circuit leads to profound deficits in neural development, synaptic transmission, and plasticity. In cultured hippocampus slices prepared from neonatal mice, pharmacological inhibition of MET kinase activity suppresses dendritic arborization and disrupts normal dendritic spine development. In addition, single-neuron knockdown (RNAi) or overexpression of Met in the developing hippocampal CA1 neurons leads to alterations, opposite in nature, in basal synaptic transmission and long-term plasticity. In forebrain-specific Met conditional knockout mice (Met fx/fx ;emx1 cre ), an enhanced long-term potentiation (LTP) and long-term depression (LTD) were observed at early developmental stages (P12-14) at the Schaffer collateral to CA1 synapses compared with wild-type littermates. In contrast, LTP and LTD were markedly reduced at young adult stage (P56-70) during which wildtype mice show robust LTP and LTD. The altered trajectory of synaptic plasticity revealed by this study indicate that temporally regulated MET signaling as an intrinsic, cell autonomous, and pleiotropic mechanism not only critical for neuronal growth and functional maturation, but also for the timing of synaptic plasticity during forebrain glutamatergic circuits development.
INTRODUCTION
Human genetic studies have established MET gene as a risk factor for autism spectrum disorders (ASD) (Campbell et al., 2006; Campbell et al., 2007; Jackson et al., 2009; Sousa et al., 2009; Thanseem et al., 2010) , a highly heritable psychiatric disorder that is characterized by deficits in the ontogeny of neural connectivity Developmental Neurobiology (Geschwind and Levitt, 2007) . MET encodes a receptor tyrosine kinase (RTK), MET, that is selectively expressed in brain structures involved in higher levels of cognition, social and language skills, and executive functions (Judson et al., 2011a; Mukamel et al., 2011) . A functional noncoding variant of the human MET gene, the rs1858830 "C" allele, which reduces MET protein levels in the autism brain, is associated with increased ASD risk (Campbell et al., 2006; Campbell et al., 2007) . This risk allele also correlates with atypical patterns of human brain activity in response to social stimuli, as fMRI measurement indicates reduced structural and functional connectivity in temporoparietal lobes (Rudie et al., 2012) , areas express high levels of MET protein (Judson et al., 2011a) . The human MET gene transcription is also regulated by FOXP2 and MeCP2 (Mukamel et al., 2011; Plummer et al., 2013) , factor known to affect ASD-related circuits development in humans (Konopka et al., 2009; Wood et al., 2009) . These findings suggest that MET signaling engages biological processes highly relevant to the ASD pathogenesis. However, how MET affects the developing brain circuit function and confers ASD risk is largely unknown.
We have previously shown that in early developing mouse forebrain circuits, Met transcripts and protein are expressed from late embryonic stages, reaching peak levels at 2-3 postnatal weeks, and precipitously downregulated thereafter (Peng et al., 2016) . This early postnatal period coincides rapid neurite growth, synaptogenesis and pruning, maturation and plasticity, yet the functional significance of time delimited, heightened cortical MET expression, and the transiency nature of its signaling is unclear. Our previous work also revealed that gain-or loss-of-function in MET signaling in single hippocampus CA1 neurons leads to opposite changes in neuronal morphology and maturation time course (Qiu et al., 2014) . Notably, conditional knockout (cKO, Met fx/fx ; emx1 cre ) of Met in forebrain excitatory neurons reduces dendritic complexity, which is correlated with an earlier functional maturation of the hippocampal CA3 > CA1 synapse (Qiu et al., 2014) and a disrupted intracortical connectivity phenotype in frontal cortex (Qiu et al., 2011) . At molecular level, cKO mice show altered glutamate receptor expression profiles in the hippocampus at an early developmental stage (P14), including increased GluA1, GluN2A, and decreased GluN2B at the synaptic sites (Qiu et al., 2014) . These profound changes in hippocampal neuronal morphology, circuit maturation, connectivity, and levels of synaptic proteins suggest normal developmental trajectory of the hippocampus function may be disrupted Liu et al., 2004; Shipton and Paulsen, 2014) . In this study, we hypothesized that MET signaling regulates the timing of synaptic plasticity development, and investigated how disrupted MET signaling impacts the developmental trajectory of synaptic connectivity and plasticity, key functions of forebrain circuits that have implication for autism brain pathophysiology (Berger et al., 2013) .
MATERIALS AND METHODS

Animals
Time pregnant C57Bl/6J mice purchased from The Jackson Laboratories or bred in house were used for hippocampal slice cultures and in utero electroporation (IUEP). The day of vaginal plug detection was designated as E0.5 and the day of birth as P0. The forebrain-specific conditional mutant mice (cKO, Met fx/fx ; emx1 cre ) were generated by breeding homozygous female Met fx/fx mice to hemizygote Met fx/+ male mice that also contain the emx1
Cre knock-in allele, as described previously (Judson et al., 2009; Judson et al., 2010 ). Both male and female mice were used in this study.
Offspring were genotyped by polymerase chain reaction as described previously (Judson et al., 2009; Judson et al., 2010) . Met fx/fx (provided by Dr. Snorri Thorgeirsson, NIH/Center for Cancer Research, Bethesda, MD) and Emx1
Cre (provided by Dr. Kevin Jones, University of Colorado, Boulder, CO) breeding lines were back-crossed onto the C57Bl/6 background. All research works using mice were performed in accordance with animal experimental protocols approved by the Institutional Animal Care and Use Committee.
Hippocampus slice culture, drug treatment, and morphological analyses Mouse brain tissues were collected from P9-10 (designated as day in vitro/DIV 0) wild-type C57Bl/6J mice. Coronal brain sections were made using a vibratome (Leica VTS-1200S) in sterile ACSF solutions. The hippocampi at the mid septo-temporal levels were micro-dissected, and cultured on Millicell culture plate inserts (Millipore, Billerica, MA) in DMEM/ F12 medium supplemented with 10% FBS, similar to our previous work (Qiu and Weeber, 2007) . To pharmacologically inhibit or enhance MET activity, 100 nM PHA665752 (Tockris-Cookson, Bristol, UK) or 50 nM hepatocyte growth factor (HGF, Millipore, Developmental Neurobiology Billerica, MA) was applied to culture medium at DIV7 for a duration of 5-7 days. Equi-molar DMSO in medium was used for the control group.
CA1 neuron morphology reconstruction
Cultured hippocampal slices were transferred to the recording chamber, and CA1 neurons was patch clamped with an electrode containing a potassiumbased internal solution that contains 0.25% biocytin. Neurons were current clamped at +500 pA for 10 min to allow diffusion of biocytin into the neurites. Slices were immediately fixed in 4% PFA for overnight, permeabilized with 0.2% Triton X-100 in 0.01M PBS, and incubated with avidin-alexa 488 for 24 h. Slices were coded for blinded morphometric analyses. CA1 neuron dendritic arborization was traced using a Neurolucida (MicroBrightField, Williston, VT) to register the 3D morphology. To trace dendritic arborization, primary, secondary dendrite number, and total dendritic length in the basal and apical compartments were quantified. Sholl analyses (Sholl, 1953) were performed to detect regional alterations in dendritic arbor, and to quantify dendritic length, branching complexity (i.e. number of intersections) on the entire dendritic arbors. Between one and three cells were reconstructed per slice, and at least five slices from three cultures were reconstructed.
Confocal Z-stack imaging of spines were collected from dendritic segments located on secondary apical branches 200-350 μm from soma. Spine images were collected with a 63× objectives (Plan-Apochromat, NA 1.4). Dendritic spine density and head area size were quantified using maximum intensity projected image derived from confocal Z-stacks (1024 × 1024 pixels with 2× digital zoom and 0.2 μm Z resolution, voxel size of 0.069 × 0.069 × 0.2 cubic micron). In a subset of spines collected, Imaris software (V8.02, Bitplane, South Windsor, CT) was used to reconstruct the 3D spine images and for morphometric analyses (spine density, categorical classification into "filopodia," "mushroom," "stubby," "long thin" subtypes), similar to that reported by our group previously (Peng et al., 2016) .
Extracellular field potential recording, long-term potentiation and long-term depression induction Extracellular field potential recording were either conducted in cultured DIV12-15 hippocampal slices, or in acute slices from P12-14 (young) and P56-70 (adult) mice. For acute slice preparations, the brains were quickly removed and sliced in ice-cold high sucrose cutting solution containing (in mM): 110 sucrose, 6 NaCl, 3 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 7 MgCl 2 , 0.5 CaCl 2 , 0.6 sodium ascorbate, and 10 glucose, pH 7.3-7.4. 350-400 μm coronal sections were made using a vibratome (VT 1200S, Leica). The slices were allowed to recover by incubation at 32°C for 30 min in 95% O 2 /5% CO 2 -saturated artificial cerebrospinal fluid (ACSF, contains in mM, 125 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 2.0 CaCl 2 , 1.2 MgCl 2 , and 10 glucose, pH 7.3-7.4). The slices were then kept at RT for 30 min before switched to an interface recording chamber and perfused with laminar ACSF with flow rate of 2-3 ml/min. Standard extracellular recording techniques (Qiu et al., 2006) were used. Field excitatory postsynaptic potentials (fEPSP) in the CA1 stratum radiatum layer were recorded using a patch electrode (1-2 MΩ electrical resistance when filled with ACSF). A bipolar stimulating electrodes (FHC) was placed in the stratum radiatum at ~200 μm away from the recording site. Biphasic stimulus (10-50 μA; 100 μs duration; 0.05 Hz) was generated using a Digidata 1440A (Molecular Devices) interface and an analog stimulus isolator (model 2200, A-M Systems). fEPSP signals were amplified using a differential amplifier (model 1800, A-M Systems), low-pass filtered at 2 kHz and digitized at 10 kHz without adopting a notch filter. After establishing stable baseline response of stimulusevoked fEPSP, an input-output curve was tested by measuring fEPSP slope (first 1-ms response after fiber volley) as a function of fiber volley amplitude. This curve was used to adjust the stimulus intensity to produce a ∼40-50% maximum fEPSP and then kept constant throughout the experiment.
To elicit long-term potentiation (LTP), we used a theta burst stimulation protocol, which consists of a 2-s long 5 Hz train (each train consists four pulses at 100 Hz) repeated 5 times at a 10-s interval. Long-term depression (LTD) was induced by a low-frequency stimulation protocol, which consists 1 Hz paired pulses (with 50 ms interval) for a 15-min duration (total 900 paired stimulation) to induce stable LTD responses (Qiu et al., 2006) .
In Utero electroporation
The IUEP procedure is similar to that described previously (Navarro-Quiroga et al., 2007) . IUEP was used to deliver exogenous cDNA to the developing hippocampal CA1 neurons to alter MET signaling. The cDNA plasmids for Met overexpression (NM_008591) and knockdown sequence (5′-GCAGTGAATTAGTTCGCTA-3′) were described previously (Qiu et al., 2014) , and were co-electroporated with pEGFP-C3 vector to reveal Developmental Neurobiology neuronal morphology. The abdominal wall of the time pregnant (E14.5) mice was opened by a ~1.5 cm incision to expose the uterine horn and embryos. cDNA mixture (containing 0.05% fast green) was delivered to the lateral ventricles using a sharp sterile glass needle with beveled tip after penetrating through the uterine wall and the developing cortical plate. ~1 μl DNA was pressure-injected. A pair of tweezer-shaped electrode was positioned to clamp the embryo head. Electrical voltage pulses (50V, 50 ms, and 5 pulses) were delivered by an electroporator (model ECM 830). The orientation of the tweezer electrode was adjusted so that the electric field carries the cDNA to the developing hippocampal CA1. The embryos were then returned to their original position inside the dam. A sterile, size #6-0 fine monofilament medical suture was used to close the abdominal wall. Buprenorphine S.R. (1 mg/kg) was given to reduce pain. Offspring born to the IUEP dam was harvested for whole cell recording/LTP studies.
Whole cell patch clamp recording
Mice born to IUEP dams were sacrificed at P14-P20, coronal slices containing the middle septo-temporal levels of hippocampus were used for recording. Slices were cut in ice-cold ACSF saturated with 95% O 2 and 5% CO 2 , and incubated at 32°C for 30 min before being kept at room temperature. The slices were then switched to the recording chamber, which was circulated with ACSF. CA1 neurons that are transfected with GFP, MET, or RNAi groups were identified under epifluorescence illumination and targeted for recording under differential interference contrast microscopy (Olympus BX-51WI). The recording electrode contains a potassium-based solution (in mM): 130 K-gluconate, 4 KCl, 2 NaCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, 1 EGTA, and 14 phosphocreatine (pH 7.2, 295 mOsm), and has an electrical resistance of 4-6 MΩ. Neurons were voltage clamped at -65 mV (close to GABA A reversal potential). Evoked synaptic currents were elicited by a stimulus delivered through a bipolar tungsten electrode (FHC) placed at the CA1 stratum radiatum for evoked EPSCs. The stimulus was 0.1 ms in duration and generated through Digidata 1440A interface and delivered through an iso-flex stimulus isolator (A.M.P.I.).
Presynaptic fibers were stimulated at 0.05 Hz obtain a monosynaptic response. To elicit LTP in CA1 neurons, a pairing protocol consisted of coincident presynaptic stimulation and postsynaptic depolarization (2-ms, 1 nA postsynaptic current injection) paired five times bursts at 100 Hz. Three trains (0.1 Hz) were used, and each train contain five paired bursts at 5 Hz. Neuronal signals were collected using a MultiClamp 700B amplifier (Molecular Devices, Forster City, CA), low-pass filtered at 2 KHz and digitized at 20 KHz using a Digidata 1440A board under control of pClamp 10.2 program (Molecular Devices). Series resistance (<25 MΩ) was constantly monitored and only those with less than 15% variation was included for analysis.
Western blot analysis
Standard Western blot protocol was used to assess protein levels. Cultured slices were sonicated in NP40 cell lysis buffer (FNN0021, ThermoFisher) containing proteinase inhibitor cocktail (1:50, Sigma P8340) and 1 mM PMSF. Protein content was quantified using a micro-BCA (Thermo Fisher Scientific) assay. Samples (10 μg) were mixed with equal amount of 2× Laemli loading buffer, boiled for 5 min, and separated by 4-15% SDS-polyacrylamide gels. The proteins were then transferred to PVDF membranes (Immobilon-P, Millipore), incubated with antibodies against p-Met (Y1234/1235 dilution 1:1000) and GAPDH (1:5000, both antibodies from Cell Signaling Technology) levels in the same lane were used as an internal control. The PVDF membranes were incubated with primary antibody overnight, washed three times in 0.01M PBS-T, and then incubated with HRP-conjugated secondary antibodies for 2 h at room temperature. Signals were developed using an enhanced chemiluminescence method (SignalFire, CST) and captured by ECL Hyperfilm (Amersham Biosciences).
Data analysis
Results are expressed as mean ± SEM. For the quantification of dendritic arborization/Sholl analysis, repeated measures ANOVA (rmANOVA) was used to reveal group effects. Spine density comparison was made using Student's t test (two-tailed). Pearson's χ 2 test was used to compare the classification of dendritic spine types. To assess whether paired pulse ratio (PPR) differ, one-way rmANOVA was used. The input-output curve for fiber volley-fEPSP slope was compared by linear regression t-test. To compare the LTP/LTD magnitudes, the last 5-10 min data were averaged for each trial, and t-test or ANOVA was used for cross-trial comparisons. Statistics were processed using MATLAB or GraphPad Prism 6.0 software. P < 0.05 was considered statistically significant.
Developmental Neurobiology
RESULTS
Prolonged MET kinase activity inhibition alters the morphology of the developing CA1 neurons
The developing mouse hippocampus expresses high levels of MET in the first two postnatal weeks (Peng et al., 2016) . We asked whether MET kinase activity is required for normal CA1 neuron development. To achieve chronic kinase activity inhibition, we cultured hippocampal slices in vitro from postnatal day (P) 9 mice using an established method (Stoppini et al., 1991) . When slice cultures are prepared from young rodents, neural circuits of the hippocampal formation are known to mature and to maintain a surprising three-dimensional, organotypic organization for weeks (Zimmer and Gahwiler, 1984; Gahwiler et al., 1997) . This may allow us to reveal effects of cell autonomous, intrinsic MET signaling that are independent of brain-wide activity, environment inputs, or animal behaviors. Hippocampal slices were cultured on membrane inserts (EMD Millipore). MET kinase activity , which is required for its kinase activity. Total level of MET protein is unchanged (quantification not shown). (C, D) Quantification of CA1 neuron dendritic length (C) and number of intersection (D) as a function of distance from soma. ***P < 0.001, for the effect of PHA665752 treatments. (E) Dendritic spines from apical dendrites of CA1 neurons are reconstructed in 3D following collection of confocal Z stack images. Three-dimensional reconstructed dendritic segments and spine heads and spine neck are overlaid with the confocal image voxels. (F) PHA665752 treatment significantly reduced dendritic spine density (*P < 0.05). (G) PHA665752 altered dendritic spine categorical classification, with increased proportion of "mushroom" type of spines and decreased proportion of "filopodia" type. [Colour figure can be viewed at wileyonlinelibrary.com] Developmental Neurobiology inhibitor, PHA665752 (100 nM) was added to the culture medium from DIV7 to DIV 12-14 (Fig. 1A) . As revealed by Western blot analysis (Fig. 1B) , kinase activity inhibition abolishes tyrosine phosphorylation at Y1234/1235, which is critical in mediating downstream signaling (Naldini et al., 1991a) . To ascertain whether prolonged MET kinase inhibition affects neuronal morphology, we filled live CA1 neurons in cultured slices with biocytin-containing whole-cell recording solution, revealed their morphology using avidin-Alexa 488, and reconstructed their 3-D arborization using Neurolucida. Computerized Sholl analyses reveal that PHA665752 treatments significantly reduced CA1 neuron dendritic length (Fig. 1C, F (1,364) = 12.4, P < 0.001, for treatment effects) and number of intersections (Fig. 1D, F (1,325) = 28.0, P < 0.001). Three-dimensional reconstruction of dendritic spines (Fig. 1E , see methods) revealed that PHA665752 significantly reduced dendritic spine density (Fig. 1F , number per 10 μm, Ctrl, 14.3 ± 0.62; PHA665752, 12.3 ± 0.51, t (25) = 2.46, P < 0.05). There was also a significantly reduced fraction of "filopodia" type of spines and significantly increased fraction of "mushroom" type of spines in PHA665752 treated CA1 neurons (Fig. 1G , n = 2421 total spines/15 neurons analyzed).
Disrupted MET signaling leads to altered synaptic transmission and plasticity at the CA3 > CA1 synapse Neuronal dendritic structure and spine geometry are highly correlated with synapse function (Matsuzaki et al., 2001) . The altered dendritic spine size and density in CA1 neurons under prolonged MET kinase inhibition indicates disrupted developmental trajectory of these neurons. We have also previously shown that in Met forebrain cKO mice, there is an earlier functional maturation at the CA3 > CA1 synapse, which is associated with increased GluA1, GluN2A and decreased GluN2B proteins at synaptic sites (Qiu et al., 2014) . Considering the roles of different glutamate receptors in synaptic plasticity (Hensch, 2005; Paoletti et al., 2013) , these findings prompted us to investigate synaptic transmission and plasticity in the cultured slices. We also investigated the effect of gain-of-function of MET signaling by applying hepatocyte growth factor (HGF, 50 nM/ml), the only known ligand for MET activation (Naldini et al., 1991b) , in cultured slices from (DIV7-12) ( Fig. 2A) . Opposite to the effects of MET kinase activity inhibition, Western blot analysis revealed enhanced levels of p-MET (Tyr1234/1235) by HGF (Fig. 2B) , indicating an effective pharmacological, bidirectional regulation of MET activity.
Cultured hippocampal slices at DIV12-15 were used for field potential recording and synaptic plasticity studies. CA1 fEPSP were elicited by electric stimulation of the Schaffer-collateral input pathway. We first tested the input-output (IO) curves as a measure of synaptic transmission strength, which is expressed by the fEPSP slope as a function of fiber volley amplitude (Fig. 2C) . It is found that PHA665752 inhibition leads to a significantly increased slope of the IO response curve (P < 0.01, compared with control, linear regression t-test), while enhanced MET signaling through HGF activation leads to a small reduction the slope of the IO curve (P = 0.079, compared with control). Based on the IO curve, a stimulus intensity that produces 40-50% maximum response was used throughout the tests. To assess whether disrupted MET signaling affects presynaptic function, we applied a paired pulse stimulation protocol, and quantified the PPR at different inter-pulse intervals ranging from 20 to 100 ms (Fig. 2D) . One-way rmANOVA revealed no significance difference of treatment group effects (F (2, 142) = 1.74, P > 0.05). Therefore, MET signaling does not seem to affect presynaptic function in the developing CA3 > CA1 circuit.
Next, we applied a theta-burst stimulation protocol to induce long-term potentiation (LTP) at the CA3 > CA1 synapse. Our protocol consistently produces LTP in the control slices (averaged magnitude of potentiation, 148.2 ± 3.9% of baseline measured at 56-60 min post-LTP induction, n = 9); in comparison, in PHA665752-treated slices, an averaged potentiation of 172.4 ± 4.5% was obtained (n = 6, **P < 0.01 compared with control, two-way ANOVA with Bonferroni's post hoc test). HGF-treated slices exhibited an opposite effect on LTP, with an averaged potentiation of 123.3 ± 2.7% (n = 6, **P < 0.01 compared with control). These results suggest that altered MET signaling in the hippocampus during the prolonged ex vivo developmental timeline has a dramatic effect on synapse transmission and plasticity outcomes.
Manipulating MET signaling in post-synaptic CA1 neuron alters synaptic plasticity
We have previously shown that both gain-and lossof-function of MET in developing CA1 neurons change the time course of synapse maturation (Qiu et al., 2014) . To ascertain how alteration of postsynaptic MET signaling affects the development of synaptic plasticity during the prolonged in vivo development, we performed IUEP to target the developing CA1 Developmental Neurobiology neurons at E14.5, similar to described previously (Qiu et al., 2014; Peng et al., 2016) . Developing CA1 neurons were either electroporated with Met cDNA (overexpression) or an RNAi construct (knockdown). Offspring born to IUEP dam were sacrificed at P14-P20, and whole cell patch clamp recording from electroporated single CA1 neurons were conducted (Fig. 3A) . Neurons were patch clamped at −70 mV and monosynaptic EPSC was recorded in response to Schaffer-collateral stimulation. We first tested the paired pulse responses as a function of interpulse intervals ranging from 50 to 250 ms. One-way rmANOVA analyses revealed no significant effects of treatment groups (F (2,108) = 2.21, P > 0.05), suggesting gain-or loss-of-function of MET signaling during CA1 neuron development does not affect presynaptic release probability, which is consistent with the observation that CA3 neurons have minimum levels of MET expression (Judson et al., 2009 ). Next, we used a theta frequency stimulation paired with postsynaptic depolarization to induce LTP responses (Magee and Johnston, 1997; Hoffman et al., 2002) in single electroporated CA1 neurons. Similar to the fEPSP findings from cultured slices, we found that inhibiting MET signaling through single-neuron RNAi also enhances synaptic plasticity responses (Fig. 3C ) compared with control GFP-electroporated neurons (averaged level of potentiation measured at 40-45 min post-LTP induction, 166.3 ± 5.1 vs. 144.2 ± 3.5; *P < 0.02); in comparison, LTP magnitude in Met cDNA-electroporated neurons was 124.8 ± 3.9%, which is significantly lower than that from control GFP neurons (n = 7, *P < 0.05). These results, obtained through genetic manipulation of MET protein in single neurons, are in general conformity with the LTP studies on fEPSPs in cultured slices, in which MET activity was altered pharmacologically in all neuron populations.
Conditional knockout of Met disrupts the timing hippocampus synaptic plasticity
The accelerated maturation of CA1 synapse and altered molecular and morphology profiles resulting from MET loss of function (Qiu et al., 2014) prompted us to investigate whether normal developmental profiles of synaptic plasticity, such as LTP and LTD, which are key aspects of hippocampus and cortical circuit functions, may be altered. We used Met conditional knockout (cKO, Met fx/fx ; Emx1 cre ) mice and their wild-type (no Emx1 cre ) littermate controls. The cKO mice have both Met allele floxed on exon 16 (Huh et al., 2004) , thus emx1-cre mediated excision of exon 16 eliminates MET kinase activity in dorsal pallium at late embryonic stage (Fig. 4A) (Gorski et al., 2002) . Using micro-dissected CA1 tissues, we first confirmed that MET protein expression is dramatically reduced in cKO mice, and MET activation (pY 1232/1233 ) is abolished (Fig. 4B) . We next conducted extracellular recording in acutely prepared hippocampal slices, and first probed synaptic transmission and plasticity in cKO mice and their littermate control mice (Met fx/fx ) across two developmental stages: P12-14, during which synaptic plasticity in rodent hippocampus is emerging (Bekenstein and Lothman, 1991) ; and P56-70, the adult stage with robust synaptic plasticity (Niisato et al., 2005) .
We measured the I/O curves of the fEPSP responses, and found that the slope of fitted linear curve in P12-14 cKO slices is significantly larger than (Fig. 4C , *P < 0.02 for genotype effects, linear regression t test), suggesting that similar level of presynaptic inputs leads to increased postsynaptic responses at this developmental stage. In contrast, the difference in the I/O curve slope was not observed at P56-70 ( Fig. 4D . P = 0.18 for genotype effects). Short-term synaptic plasticity responses were next tested at these two developmental stages using a Developmental Neurobiology paired-pulse protocol. PPR was measured across various inter-pulse intervals ranging from 20 to 260 ms. Overall, no significant difference was observed between the two genotypes, either at P12-14 (n = 5) or P56-70 (n = 7) (Fig. 4E, F , P > 0.05 for both ages, one-way rmANOVA). These results indicate that Met cKO likely causes maturation of CA3 > CA1 synapses at an early developmental stage, while it does not affect the presynaptic function of this circuit.
We next examined two forms of long-lasting synaptic plasticity in the hippocampal CA1, including LTP and LTD, across the two developmental stages in both cKO and control groups. We elicited LTP using a theta burst protocol, and LTD using a standard low-frequency protocol (see Methods). At P12-14, both cKO slices and control slices exhibited a similarly enhanced fEPSP magnitude immediately after pairing protocol, indicating short-term potentiation mechanisms are not altered by loss of function of MET (Fig. 5A) . In contrast, LTP response at 55-60 min post-induction is significantly increased in cKO slices (142.6 ± 7.6%) compared with that from control slices (114.1 ± 4.8%, t (11) = 4.55, P < 0.001) (Fig. 5A) . Similarly, LTD response in cKO slices at 55-60 min post-induction is also of larger magnitude compared with control slices (72.2 ± 5.2% vs. 84.4 ± 4.5%, respectively, P < 0.02, n = 5, Fig. 5C ).
Next, the same LTP/LTD experiments were conducted in P56-70 adult mice. Surprisingly, we found that compared with control slices, cKO slices exhibited a significant reduction of both LTP (Fig. 5B , 122 ± 4.5% vs. 151 ± 4.2%. 45-50 min post-LTP induction, **P < 0.01, n = 6) and LTD (Fig. 5D , 89.1 ± 3.6% vs. 58.3 ± 4.2%. **P < 0.01, n = 7) Figure 5 Genetic Met loss-of-function disrupts the timing of hippocampus long-term plasticity, with enhanced plasticity at an earlier stage, and decreased plasticity at young adult stage. (A, B) Compared with littermate control slices, LTP is enhanced in Met cKO slices at P12-14 (A) and is decreased at young adult age (P56-70, B) (***P < 0.001, **P < 0.01). (C, D) Similarly, LTD is increases in Met cKO slices at P12-14 (C), but decreased at P56-70 young adult age (D) (**P < 0.01, *P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com] magnitudes. Therefore, ablation of MET signaling during hippocampus development alters the time course on the development of two major forms of synaptic plasticity; while both LTP and LTD is emerging at earlier developmental stages and with larger magnitude, less synaptic plasticity is found at young adult stage in mice.
DISCUSSION
Translating the genetic risks for neurodevelopmental disorders into cellular and circuitry mechanisms is key to understanding disease etiology and developing targeted disease interventions. Here, we have made novel observations that MET RTK profoundly affects neural structural and synaptic transmission and plasticity, which are key developmental milestones of cortical circuits. MET is a pleiotropic factor that is critical for the ontogenesis of multiple organs (Cooper et al., 1984; Bottaro et al., 1991; Naldini et al., 1991a) , acting through a multitude of molecular pathways leading to collective outcomes known as motogenic, mitogenic, and morphogenic (Maina et al., 1998; Birchmeier et al., 2003) . Although the developing nervous system is shaped by molecular signaling mediated by a plethora of growth factors and their protein RTKs (Park and Poo, 2013) . MET signaling seems indispensable for important aspects of cortical circuit development.
MET has emerged as a prominent risk gene for autism (Campbell et al., 2006; Campbell et al., 2007; Judson et al., 2011b; Peng et al., 2013; Eagleson et al., 2017) . MET was initially established as a risk gene for autism based on a genome wide association study that reveals MET promoter rs1858830 "C" variant confers increased risk for ASD (Campbell et al., 2006) . This promoter variation is functional because rs1858830 "C" variant was associated with reduced protein expression (Campbell et al., 2007) and capable of impacting structure and functional circuit connectivity in humans (Rudie et al., 2012) . MET RTK is expressed in developing mouse brain at a time coincident with profuse neuronal growth, dendrite and synapse morphogenesis, and circuit formation (Judson et al., 2009; Mukamel et al., 2011; Wu and Levitt, 2013) , and is precipitously downregulated as brain circuits progressively matures. MET protein also exists in a subset of cortical synapses in adult mice (Eagleson et al., 2013) , with its function largely unknown. The highly selective regional expression of MET in developing limbic structures is consistent with its role in wiring circuits involved in higher cognitive, social, and emotional function. The role of MET in ASD is further supported by the findings that a large number of ASD risk genes are related to growth factor signaling (Wittkowski et al., 2014) , converge to regulate brain growth trajectories Berg and Geschwind, 2012) , and coalesce with other functional ASD gene networks involving cortical glutamatergic projection neurons (Voineagu et al., 2011; Parikshak et al., 2013) .
The functional significance of time-delimited cortical MET expression during brain development is less understood. Our previous study show that cultured primary embryonic mouse hippocampus neurons also transiently expresses MET during in vitro development, suggesting a cell autonomous, intrinsic mechanism controlling MET expression (Qiu et al., 2014) . In addition, gain-or loss-of-function of MET signaling in cultured hippocampal neurons leads to opposite changes in dendritic protrusions, spine number and size, and maturation of excitatory synapses. In Met cKO (Met fx/fx :emx1 cre ) mice, the early maturation is manifested by altered synaptic proteins and glutamate receptors; specifically, increased GluN2A, decreased GluN2B and increased GluA1 protein at the synaptic sites, reduced number of silent synapses, and overall enlarged dendritic spines in cortical neurons that normally expresses MET (Judson et al., 2010; Qiu et al., 2014) . These findings have potential implication on activity-dependent synaptic plasticity, such as LTP and LTD, as synaptic plasticity in the hippocampus is determined collectively by glutamate receptor subunit constitution (Hunt and Castillo, 2012) , dynamic trafficking (Hayashi et al., 2000; Lee and Kirkwood, 2011) , dendritic spine shape and size, and spine motility (Bosch and Hayashi, 2012; Bosch et al., 2014) . In addition, the recent findings that CA1 neurons in Met cKO mice show altered responses to early life stress (Heun-Johnson and Levitt, 2018) , and that these mice also exhibit deficits in contextual fear learning (Thompson and Levitt, 2015) , all suggest neural plasticity may be altered. In addition, the effect of MET loss-or gain-of function, either at single neuron or whole animal level, on synaptic plasticity, has never been studied before. In this study, we first utilized hippocampal slice culture, which has an organotypic circuit organization and is known to recapitulate many in vivo development aspects, to establish that CA1 neuron morphological development requires MET kinase activity. This extends our previous work utilizing cultured hippocampal neurons (Qiu et al., 2014) or acute brain slices (Peng et al., 2016) . The fact that changes of dendritic arborization and spines induced by MET Developmental Neurobiology kinase activity inhibition further supports a post-synaptic mechanism that MET engages to control hippocampus and likely other MET-expressing cortical circuits development, leading to changed outcomes of plasticity. It is well established that neural plasticity is often profoundly shaped by a variety of neurotrophins (McAllister, 1999; Park and Poo, 2013) , typically activating on their RTKs. These RTKs engage cellular molecular pathways that are shared by MET, including pleiotropic molecular components of PI3K, AKT, mTOR, small GTPases, STAT3, and ERK1/2, etc. (Peng et al., 2013 ) that may cooperatively determine neural plasticity outcomes. Taken all together, these observations justify the current effort to study the timing of hippocampus plasticity as a result of disruption of pleiotropic signaling mediated by MET. The fact that Met cKO in mouse leads to molecular, cellular, and behavioral phenotypes indicate a unique, none-overlapping, role of MET in shaping the developmental trajectory of cortical circuits.
How does MET signaling converge on neuronal mechanisms that control the development trajectory of synaptic plasticity? MET is known to engage pleiotropic molecular pathways and dictate the developmental outcome of both peripheral and central nervous system (Maina et al., 1998; Maina et al., 2001; Tyndall and Walikonis, 2006; Tyndall et al., 2007; Lim and Walikonis, 2008) . In cultured neurons, it has been shown that elevating synaptic activity increases production of extracellular HGF and promotes phosphorylation of MET, indicating MET activation can be modified by synaptic activity (Tyndall and Walikonis, 2006) . Another earlier study, utilizing acute hippocampus slices, showed that exogenously applied HGF enhances LTP in the CA1 region of hippocampus. The enhanced LTP is largely due to augmented NMDAR-mediated currents resulted from MET activation (Akimoto et al., 2004) . Our study revealed that in cultured hippocampus slices, prolonged MET kinase activity inhibition changes CA1 neuron dendritic and spine structure, without seemingly affecting presynaptic function. The enhanced LTP in the presence of MET kinase inhibitor PHA665752, and increased baseline synaptic transmission (i.e. stimulation-fEPSP slope curve) may reflect an early maturation of CA3 > CA1 circuits. Inhibiting or enhancing MET activity during hippocampal slice in vitro development has an opposite effect on LTP changes when measured at an early developmental stage (DIV12-15). This may be a result of changes of glutamate receptor profiles and time course of maturation, similar to that observed in Met cKO mice (Qiu et al., 2014) .
The observation that inhibiting or elevating MET signaling bidirectionally regulates LTP is further supported by manipulating MET signaling in vivo in developing CA1 neurons through IUEP. This single neuron gain-or loss-of-function in MET across the protracted in vivo developmental timeline indicates MET signaling controls the outcome of developmental plasticity through a postsynaptic mechanism, as shown by a lack of paired pulse responses to presynaptic inputs. It has been previously shown that single neuron manipulation of molecular signaling pathway may lead to contrasting developmental changes compared to genetic manipulation in all neuron populations, as is for the case of doublecortin (Bai et al., 2003) and neurotrophin receptor TrkC (Joo et al., 2014) . Yet, in the case of MET, similar outcomes of plasticity development is observed at both single neuron and population levels.
In summary, the novel findings on the role of MET on developmental plasticity in the hippocampus revealed by this study complements and extends our previous findings that MET gain-or loss-of-function in developing CA1 neurons affects the timing of synapse maturation (Qiu et al., 2014) . The data presented here indicate that MET activity is required for both dendritic and spine development in hippocampal neurons that normally expresses MET developmentally, and equally important, for the normal timing of developmental synaptic plasticity. Disrupted mechanisms controlling glutamatergic synapse maturation and plasticity are posited to underlie autism pathogenesis (Sudhof, 2008; Penzes et al., 2011; Clement et al., 2012; Zoghbi and Bear, 2012) . It is conceivable that abnormal timing of synaptic plasticity development may have strong implication on learning, memory, dynamic neural circuit changes in response to environment, and emergence of adaptive behavior, including the learned social behavior. Many of these are impaired modalities found in ASD. It would be informative to further investigate whether the altered LTP trajectory at different developmental stages may be correlated with behavioral alterations in mice. Taken together, the findings on altered developmental trajectory of synaptic plasticity resulting from MET signaling disruption reveal a potential novel biological substrate for MET-induced ASD genetic risk.
LITERATURE CITED
Akimoto, M., Baba, A., Ikeda-Matsuo, Y., Yamada, M.K., Itamura, R., Nishiyama, N. et al. (2004) Hepatocyte growth factor as an enhancer of nmda currents and
